Applications of superoleophobic surfaces depend on the stability of the air cushion formed under liquid drops. To analyze the longevity of air cushions we used reflection-interference contrast microscopy (RICM) for drops on a porous fractal-like structure of sintered nanoparticles. RICM permits us to monitor the height of the air cushion with nanometer resolution. Whereas the air cushion under all investigated liquids was stable on a time scale of a few seconds to minutes and liquids rolled off, liquids with low surface tension penetrated the coating on the time scale of hours and longer. The penetration speed showed a power law dependence on time, dz/dt ∼ t p , the exponent p varying from −0.5 to −1.2. Thus, penetration is qualitatively different from the Lucas-Washburn law that governs spontaneous capillary filling of porous structures.
Surfaces with low wettability for both water and organic liquids are important for everyday applications and industry, including self-cleaning [1] , anti-icing [2] , and anti-fouling [3] [4] [5] . Micro-or nanostructured surfaces can show superior liquid repellency to smooth surfaces. Imbibition of liquids into rough or porous surfaces can be prevented by structuring the surfaces with protrusions in such a way that the liquid wets only the topmost part of protrusions and air is entrapped underneath [6, 7] . On structured surfaces the apparent contact angle of drops is defined by the shape of the drop on a length scale much larger than the protrusions, usually several µm. A commonly used term for surfaces that allow for apparent contact angles greater than 150
• and easy roll off of organic liquids is "superoleophobic," as organic liquids are generally referred to as "oils" [8] . In air these surfaces are also superhydrophobic [9] .
Several superoleophobic surfaces are highly porous. In contrast to wettable porous materials, little insight exists on the penetration of liquids into nonwettable porous surfaces. Porous surfaces either repel a liquid, such as hydrophobic soils [10, 11] , or the liquid imbibes the surface. The wetting state with trapped air was first described by Cassie and Baxter for water [12] . A liquid can also wet a rough solid completely, forming the Wenzel state [13] . In addition to geometry, also the wettability of the material, and external pressure [14, 15] determine which of the two is the thermodynamically stable state. Practical applications also require a Cassie state that is stable against impact [16] [17] [18] , vibrations [19] , chemical degradation, mechanical damage [20] [21] [22] , and contamination for as long as possible. Often the drop does not reach the thermodynamically stable state and stays in a metastable state. Little is known on the long-term stability of the Cassie state for drops on porous superoleophobic surfaces. A detailed understanding of the dependence of the penetration depth on time is helpful to control imbibition of liquids into porous surfaces.
Here, we study the long-term stability of the Cassie state of a superoleophobic surface for nonpolar liquids. Wetting states where some nanoparticles are completely wetted and others not or only partially are termed as mixed Cassie-Wenzel states [ Fig. 1(h) ]. As a reference surface we choose a soot-templated structure comprising a fractal-like network of self-assembled nearly spherical nanoparticles [23, 24] [Figs. 1(a) and 1(b)]. Both the solid and the gas phase are continuous, the gas phase comprising about 90% of the volume. Nonpolar liquids form contact angles θ < 90
• on flat surfaces of this material, so the material is "hygrophilic" [9] , but the rough structure allows nearly any liquid to form spherical drops. By means of RICM, we monitor the position of alkane-air interfaces with a height resolution better than 20 nm. Measuring the whole range of liquid nalkanes allows us to finely vary the energy barrier for a Cassie-to-Wenzel transition, while maintaining constant surface tension during the experiment, unlike the commonly applied ethanol-water mixtures [25, 26] . A theoretical model of sintered spheres [Figs. 1(e) and 1(f)] shows that thermal fluctuations or vibrations can possibly trigger penetration of liquid into the nanostructures.
Drops of water and n-hexadecane were gently deposited with a syringe onto the superoleophobic surface [ Fig. 3(a) ]. Confocal microscopy [27] verified that both drops were in the Cassie state, staying at the top of the porous superoleophobic surface [Figs. 1(c) and 1(d)]. Water, poly(dimethyl siloxane) (PDMS, Sigma-Aldrich, viscosity 100 cSt) and all liquid n-alkanes from n-octane and longer did not reach the completely wetted Wenzel state for at least several hours. In Fig. 2 both advancing and receding apparent contact angles on the superoleophobic surface on a length scale of micrometers Θ app adv , Θ app rec and their respective values θ adv , θ rec on a flat glass with the same surface chemical composition are shown. The contact angles θ adv , θ rec are termed the material's advancing and receding contact angles. All apparent advancing contact angles were indistinguishable from 180
• [29] . The differences in superoleophobicity are reflected by the receding contact angles that were as low as 120
• for n-octane, implying that the wetted area fraction is larger and that the distance between wetted particles decreased [26, 30] . We determined Θ cal microscopy, by increasing and decreasing the volume of sessile drops with a syringe and measuring simultaneously vertical (xz ) slices, similar to Figs. 1(c) and 1(d), taking care that the apparent contact line moved [31] . Profiles were fitted with a circular arc (Fig. S2 ). In the case of apparent angles lower than about 130
• we used a conventional camera (Dataphysics Instruments GmbH, OCA 20) [32] .
The same confocal microscope with a dry objective of low numerical aperture (10×/0.40 dry, Nikon) was employed for RICM. Interference is generated from reflections at the lower side of the water drop and the top side of the glass substrate. RICM images of water drops resembled interference fringes from two nearly parallel surfaces [Figs. 3(a) and 3(b)]. Over the whole apparent contact diameter of 250 µm the spacing between the interfaces varied by only one wavelength (λ = 473 nm), most likely due to a different thickness of the superoleophobic layer.
Alkane drops carefully deposited onto the surface showed a similar interference pattern just after deposition [n-decane in Fig. 3(c) ]. In contrast to water, this pattern changed with time. Fringes shifted, showing that the thickness of the air layer decreased. In addition, the pattern became more irregular and less planar. ndecane slowly wetted the fractal-like structure of the superoleophobic coating [Figs. 3(e) and 3(g)]. As it creeped into the layer, the drop passed through a series of mixed Cassie-Wenzel wetting states [ Fig. 1(h) ]. We found no indication for condensation of drops that were larger than the resolution of the confocal laser scanning miroscope, ∼ 200 nm, in the porous structure. On the contrary, for water the lower liquid-air interface remained constant despite having higher vapor pressure than all alkanes from n-octane and higher (Table S1 ). Furthermore, PDMS penetrated as fast as dodecane, even though it does not evaporate.
To analyze the process of impalement we measured the increase in penetration depth z for each pixel versus time [ Fig. 1(f) ]. Hereby, the initial position at t = 0 is defined as zero; it is different for every pixel. With time, the reflected intensity from each pixel changed [ Fig. 3(d) ] several times from high to low and back, each cycle corresponding to half a wavelength; the reflected light from the drop-air interface undergoes a phase shift of 180
• . Depth as a function of time for this pixel is shown in Fig. 3(d) . By repeating this procedure for every pixel maps of the penetration depth were obtained [Figs. 3(f) and 3(h)]. Depth continued to increase even after several hours.
Wetting proceeded in a spatially and temporally inhomogeneous way, as the variation of the depth at different positions of the same drop shows [ Fig. 4(a) ]. For n-decane, the penetration depth varied by up to 0.2 µm over areas of 5×5 µm 2 after one hour. This shows that there is cooperativity between neighboring protrusions [33] . The qualitative picture is similar at different spots. Therefore, we evaluated the mean depth, averaged over large areas (> 100 × 100µm 2 ). The penetration velocity decreased with time and increasing alkane length [ Fig. 4(b) ]. Whereas n-heptane reached the Wenzel state within seconds, n-hexadecane needed about 24 h to penetrate 100 nm. A height of 100 nm corresponds roughly to one diameter of the nanoparticles of the soot template. Stronger variations at short times are most likely due to the fact that the porous surface is less homogeneous at the top than somewhere in the middle. not depend on our choice of zero depth [ Fig. 4(c) ]. It showed a power law dependence on time, dz/dt ∼ t p , p < 0. The exponent p decreases with increasing alkane length [ Fig. 4(d) ]. For octane it is about −0.5, similar to the power law dependence for wetting of cylindrical pores according to Lucas-Washburn law [34, 35] . For higher alkanes the exponent is lower, but still greater than −1, except for hexadecane. For PDMS, we measured −1.0 ± 0.1. This power law dependence shows that penetration is not expected to stop even after several days. It was impossible to extract the exponent by interference microscopy for n-hexane and n-heptane, as penetration was too fast.
The observed penetration process is different from classical imbibition in porous media. In spontaneous imbibition, as for example described by Lucas-Washburn [34, 35] , the liquid flow is hindered by viscosity. In this case, velocity follows a power-law dependence on time with an exponent close to −0.5, even though varying scaling laws may be found for the width of the rough wetting front [36] [37] [38] [39] [40] [41] . In our case the velocities were so low that viscous dissipation was not the limiting factor. Moreover, velocities varied by several orders of magnitude, whereas the viscosity varied only by a factor of 10 from hexane to hexadecane (0.31 to 3.5 mPa s, Table S1 [42, 43] ). In addition, the Laplace pressure of the drop P L = 2γ L /R is low, about 50 Pa, as the drop radius is about 1 mm. The characteristic distances between particles in the structure are on the order of 1 µm or less, so the influence of the Laplace pressure is negligible. We conclude that the system passed through a series of metastable wetting states. If creeping imbibition is caused by individual small steps and thermal fluctuations, the creep velocity may be described similarly to the Molecular Kinetic Theory [44] [45] [46] [47] by dt/dt = δν exp −∆G/k B T . Here, δ is the step width, ν is the attempt frequency, and ∆G is the energy barrier. As the measured penetration velocity depended on small changes of the material's contact angle θ adv (Fig.  2, Table S1 ), we expect that the energy barrier created by overhangs is probably only a few k B T and depends on the wettability of the material by the liquid.
We estimate this energy barrier by using the model of Figs. 1(e) and 1(f). Sintered silica particles are modeled as spheres with truncated tops and bottoms that form columns. The columns form a square array with a centerto-center distance of a. This model is similar to models of packed spheres previously used for the study of the wetting of soils. We make the approximation that the liquid-air interface is horizontal [25, 26] . At equilibrium the liquid forms the Young's contact angle θ 0 with the solid [48] :
where γ LV , γ SV , γ SL are the liquid-vapor, solid-liquid and solid-vapor interfacial tensions, respectively. This is the state of minimum energy. The local energy maximum is at the sintering point [ Fig. 1(f) ], where the liquid-vapor area per column is maximal. Below and above this point the contact line would spontaneously advance or recede, respectively. Without considering fluctuations, imbibition would be spontaneous only when θ 0 < β, where β is the angle defining sintering [ Fig. 1(e) ]. As interfacial energies are interrelated through Young's equation [Eq.
(1)], the energy barrier per column is estimated by the differences of liquid-vapor and solid-liquid areas per column, A LV and A SV respectively, between the two states:
The Young's contact angle is not directly measurable due to contact angle hysteresis, but it is commonly estimated by the mean cosine of θ adv , θ rec [49] :
Inserting structure dimensions consistent with SEM images (β = 50
• , R = 50 nm) and typical wetting parameters of alkanes (θ 0 = 60
• , γ LV = 24 mN/m, Table  S1 ) we get ∆G = 3.4 × 10 −18 J ≈ 10 3 k B T at T = 300 K. The quadratic dependence of the energy barrier on cos β − cos θ 0 can explain the speeding up of penetration with decreasing alkane length, as θ 0 − β → 0 for decreasing alkane length (Table S1 ). The energy barriers can be reduced by several factors.
(i) As the superoleophobic surfaces do not consist of a regular structure, wetting proceeds by wetting preferably overhangs with a low energy barrier, that is a large value of β. Values of β up to 70
• occur, according to SEM images, even though the average value may be lower [Figs. 1(c) and
(ii) Small particles in cavities between larger structures enhance imbibition when the wetting front touches one of these particles [11, 25] .
(iii) Two neighboring spherical structures are usually not perfectly aligned vertically. In general, they are aligned at a certain angle with the vertical line.
(iv) For volatile liquids, capillary condensation at the narrow point of a neck may occur, effectively increasing β [ Fig. 4(f) ]. As alkanes are volatile compared to PDMS, this explains why they penetrate faster, despite having a higher material's contact angle. The real critical material's contact angle for this structure is about 30
• for PDMS, lower than the 50.73
• predicted for structures of close packed spheres [11] . The low solid fraction allows depinning to occur at single overhangs without affecting their relatively distant neighbors, in contrast to dense reentrant structures.
Besides thermal fluctuations, vibrations of the drop caused by depinning of the contact line or acoustic vibrations may also help to overcome the energy barrier. Finally, the Laplace pressure may also decrease the energy barrier. A curved liquid-air interface forms θ adv at a lower position as compared to a planar surface [ Fig. 4(e) ]. The position of the interface is lower for larger spacing between pillars, so the effect of the Laplace pressure increases. As the superoleophobic surface has a random structure, initially [ Fig. 1(g) ] the average spacing between wetted particles is much larger than the particle diameter. When the liquid creeps into the structure, the average spacing decreases [ Fig. 1(h) ]. The decreasing spacing and the increasing number of contact points also leads to higher damping of acoustic vibrations.
The Cassie state of liquids of high and low surface tension on soot-templated superoleophobic surfaces was stable on short time scales. However, a low roll-off angle and high apparent contact angles do not guarantee long-term stability. Even though for long chain alkanes the Cassie state is stable at least for days, volatile and nonvolatile liquids with low surface tension slowly penetrated the porous structure. The slow transition to the Wenzel state through mixed metastable wetting states resembles dynamic wetting and is possibly triggered by thermal fluctuations or drop vibrations. The results are also relevant for porous structures that are poorly wettable by a liquid. Instead of a sharp transition between nonwettability and imbibition at a critical material's contact angle, we observed liquid penetration also above the geometrically expected critical angle. This was not observed for large spheres, as the energy barrier is prohibitively high. Protrusions on the nanoscale slow down imbibition but do not prevent it at long time scales.
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